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ABSTRACT 
 The development of novel asymmetric reaction methodologies has been  
invaluable in both the academic and industrial world. In just 15 years, organocatalysis has 
provided a new means of developing asymmetric reaction methodologies using catalysts 
that are environmentally benign, relatively inexpensive, bench stable, and non-toxic. One 
development in organocatalysis that is important to our group in particular is chiral 
phosphoric acid-catalysis. BINOL-derived and VAPOL-derived phosphoric acids have 
proven to be excellent catalysts for a number of reactions. 
 The two projects I will discuss my efforts on are acetalization and iso-Pictet-
Spengler reactions. These were projects that I performed during my first two years as a 
graduate student. The acetalization was particularly fascinating as only one literature 
report existed for the catalytic asymmetric variant of a reaction that makes such important 
compounds—O,O-acetals. The acetalization reaction proved to be a formidable opponent, 
and to this date no research report has been published documenting the intra-, or 
intermolecular catalytic asymmetric acetalization of vinyl ethers or the intermolecular 
catalytic asymmetric transacetalization.  
 The iso-Pictet-Spengler reaction is one that is interesting because exhaustive 
research has been conducted into the development of catalytic asymmetric Pictet-
Spengler reactions, but at the time of my research, not a single catalytic asymmetric 
method existed to synthesize tetrahydro-γ-carbolines, the product of the iso-Pictet-
Spengler reaction. Structurally, the tetrahydro-γ-carboline is isomeric to the tetrahydro-β-
 viii 
carboline, the product of the Pictet-Spengler reaction. They differ only in the position of 
nitrogen in the annulated product. This reaction seemed attractive to investigate, since 
independent elegant reports by Professors Benjamin List, Henk Hiemstra, and Darren 
Dixon documented the excellent control over enantioselectivity that chiral phosphoric 
acid have in the Pictet-Spengler reaction. Concurrent with the beginning stages of this 
project, Professor Eric Jacobsen reported the enantioselective thiourea-catalyzed iso-
Pictet-Spengler reaction. The results were very good but not as great as the Pictet-
Spengler work he pioneered. Around the time this report came out I commenced my 
reaction studies, and this thesis is the sum of just two projects I worked on. There were 
many more including halolactonization, VAPOL synthesis, chiral phosphoric acid 
synthesis, catalytic asymmetric hydroamination, and others.. 
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CHAPTER 1: 
CATALYTIC ASYMMETRIC ACETALIZATION AND 
TRANSACETALIZATION 
 
1.1 Introduction 
For nearly 15 years, the field of organocatalysis has exploded with exciting 
discoveries, publications, novel reaction methodologies, and new solutions to existing 
problems in organic synthesis. 
 Brønsted acid-catalysis has become a burgeoning field in the area of asymmetric 
organocatalysis. The introduction of stronger chiral Brønsted acids—chiral phosphoric 
acids—in 20041 has led to a surge in the development of many chiral phosphoric acid-
catalyzed transformations, especially with imine substrates. 
Heteroatom nucleophiles have become popular choices for imine substrates, and 
numerous N,N-, N,O-, and N,S-acetals were prepared for the first time, in a catalytic 
enantioselective manner, utilizing chiral phosphoric acids. 
 Our laboratory published the first reports documenting chiral phosphoric acids as 
viable catalysts in the formation of chiral N,N- N,O- and N,S-acetals 2.  
 Our continued interest in developing chiral phosphoric acid-catalyzed 
methodologies to construct various types of acetals led to the initiation of a program 
focused on the synthesis of chiral O,O-acetals. At this project’s start, Brønsted acid-
2 
catalyzed reaction methodology for the formation of O,O-acetals in an enantioselective 
manner was non-existent. This was quite surprising, since O,O-acetals far outnumber 
N,N- N,O- and N,S-acetals as moieties in natural products, pharmaceuticals and organic 
synthesis.  
The similarities between iminium and oxocarbenium ions suggest analogous 
reactions conditions for chiral phosphoric acid methodology developed for imines could 
be optimized and extended to the synthesis of O,O-acetals, through a reactive 
oxocarbenium ion intermediate. Use of a mild Brønsted acid, such as a chiral phosphoric 
acid, is attractive for the following reasons: (1) Problems resulting from racemization or 
reaction reversibility could be potentially addressed. (2) Brønsted acids generally activate 
acetals via formation of an oxocarbenium intermediate. A chiral phosphate counterion 
could therefore provide a chiral environment for the alcohol to attack. 
 
1.2 The Role of Chiral Acetals in Nature and Synthesis 
Acetals are ubiquitous scaffolds in natural products and numerous chiral 
pharmaceuticals, ranging from simple carbohydrates to complex spiroketals (Figure 1.1)3. 
They are often employed as protective groups in organic synthesis due to their stability in 
basic media and ease of removal in acidic media4. Acetals serve as demonstrative 
diastereocontrolling elements in organic synthesis5. Methods for the enantioselective 
synthesis of chiral acetals are scarce and generally rely on chiral substrates or reagents6. 
Catalytic enantioselective methods have been limited to enzymatic resolution or metal-
catalyzed desymmetrizations.7 In both cases, the anomeric acetal carbon is not the 
3 
reaction center; therefore, development of catalytic asymmetric methods for the synthesis 
of chiral acetals, where the anomeric carbon is the reaction center, are urgently needed.  
Oxocarbenium ions are highly important as intermediates due to their contribution 
as reactive intermediates for carbohydrate synthesis. Carbohydrates are the most plentiful 
set of natural products and are involved in various biological processes. The glycan 
chains of antibiotics including erythromycin, amphotericin B, and others play large roles 
in regulation of pharmacokinetic properties, including absorption, metabolism, and 
excretion. Without carbohydrates, functions like cellular recognition, transport, and 
molecular recognition would be impossible to carry out. Bearing all of these factors in 
mind, significant attention has been aimed at developing methods that are both efficient 
and stereoselective for the synthesis of these important glycan linkages.  
 
Figure 1.1. Natural Products and Pharmaceuticals Containing the Spiroketal 
Moiety 
 
Acetalization and transacetalization reactions generally require strong Brønsted 
acid catalysts. The use of a more mild Brønsted acid, such as a chiral phosphoric acid, 
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would be attractive for the following reasons: (1) problems resulting from racemization 
or reaction reversibility could be potentially addressed, and (2) Brønsted acids generally 
activate acetals via formation of an oxocarbenium intermediate. A chiral phosphate 
counterion could therefore provide a chiral environment for the alcohol to attack. 
 
1.3 Tetrahydrofuranylation and Tetrahydropyranylation of Vinyl Ethers 
I began my research into acetal synthesis through attempts to develop a method to 
control the enantioselectivity of the catalytic asymmetric addition of alcohols to vinyl 
ethers. This reaction would furnish chiral acetals bearing only one stereogenic center. The 
reaction types examined were tetrahydrofuranylations (THFT), tetrahydropyranylations 
(THPT), and transacetalizations. THFT is the reaction between a suitable nucleophilic 
alcohol and 2,3-dihydrofuran to yield the corresponding tetrahydrofuranyl ether. THPT is 
the reaction between a suitable nucleophilic alcohol and 3,4-Dihydro-2H-pyran to yield 
the corresponding tetrahydropyranyl ether.   
To date, only one publication investigating direct, intermolecular catalytic 
asymmetric acetalization exists8. Katsuki and co-workers showed that chiral 
ruthenium(II)-Salen catalyst 3 was capable of asymmetric tetrahydrofuranylation (THFT) 
of several alcohols (Scheme 1.1). The reaction conditions were suitable for the synthesis 
of THF protected benzyl alcohol 4a in 89% yield and 85% ee. The substrate scope is 
limited to a few alcohols, and the highest enantioselectivity, 86%, was achieved using 2-
naphthol (Table 1.1, entry 4d).  
 
 
5 
 
Scheme 1.1. Katsuki’s Ruthenium(II)-Salen-Catalyzed THFT 8 
 THFT of alcohols 1b-f furnished the corresponding THF protected alcohols 4b-f 
with moderate enantioselectivities ranging from 71% (Table 1.1, entry 4f) to the 80-86% 
range. 
Table 1.1. Substrate Scope for Katsuki’s Ruthenium(II)-Salen-Catalyzed THFT 8 
 
 
1.4 Chiral Phosphoric Acid-Catalyzed Tetrahydrofuranylations 
I began my investigation with the tetrahydrofuranylation (THFT) of some 
common alcohols (Table 1.2). These initial results show the ability of phosphinic and 
phosphoric acids to catalyze the THFT reaction giving the product in quantitative yields 
(Table 1.2, entries 3, 4, 7, and 9). Triflic acid, the strongest acid screened, catalyzed the 
transformation in ca. 1 h at -30 °C (Table 1.2, entry 1).   
BnOH
O metallosalen 3
C6H5Cl, rt, 24 h
OBnO+
N
O
N
O
M
PhPh
M = Ru(N+O)Cl
89% yield
85% ee
metallosalen 3
21a 4a
ROH
O metallosalen 3
C6H5Cl, rt, 24 h
ORO+
N
O
N
O
M
PhPh
M = Ru(N+O)Cl
OPhO
76% yield, 84% ee
OO
88% yield, 85% ee
Ph OO
94% yield, 86% ee
OO
Ph
97% yield, 80% ee
OO
96% yield, 71% ee
21b-f 4b-f
4b 4c 4d
4e 4f
= 3
6 
Additional experiments were performed with chiral phosphoric acids; however, 
many acetals were unable to be separated by chiral HPLC (even after exhaustive runs 
with various chiral columns, eluents, eluent ratios, etc.). Since these compounds 
contained only 1 stereogenic center and 0 diastereotopic protons, NMR was unable to 
provide any insight into the optical purity. GC analysis, using chiral columns, was 
performed, but dedicated time allowed on this instrument and suitable conditions were 
not found. 
Next, I studied the tetrahydrofuranylation of phenol (Tables 1.3 and 1.4). No 
background reaction was observed without catalyst (Table 1.3, entry 5).  
This was an area of concern, as phenol is known to be slightly acidic (pKa 9.0, 
H2O).  In many cases the isolated yields were quantitative, and the reaction was complete 
within 24 h. Catalyst PA-3, TRIP-PA, showed the most promise for controlling the 
enantioselectivity of the reaction. An isolated yield of 93% with an increase in ee to 26% 
was observed when p-xylene was used as the solvent (Table 1.3, entry 13). When a molar 
ratio of 1:1 equiv of 1b/2 was used in the presence of PA-3, the reaction did not go to 
completion; however, the product was isolated in 29% yield, and 28% ee (Table 1.3, 
entry 18). 
PA-3, TRIP-PA, was identified to be the optimal catalyst based on the results 
presented in Table 1.2. Several additional solvents were screened for the THFT of phenol 
(Table 1.4).  From this solvent screening, only toluene and DCM were able to provide the 
product in quantitative yield (Table 1.4, entries 1 and 3). 
 
 
7 
Table 1.2. Brønsted Acid-Catalyzed THFT of Common Alcohols 
 
  a Standard conditions: 1.0:5.0 equiv of 1/2 with the following exceptions: entry 1, 4.0:1.0 equiv of 1/2; 
entries 7–10, 1.0:2.0 equiv of 1/2. b  [1] = 1.0 M except for the following: entry 1, [1] = 8 M; entry 2, [1] = 
0.25 M; entries7–10, [1] = 0.1 M. c  Enantiomeric excess (%ee) was determined by chiral HPLC analysis.  
d  Reaction carried out at -30 °C. e Toluene was the reaction solvent. f  Baseline separation could not be 
obtained. 
 
 
 
1.5 Chiral Phosphoric Acid-Catalyzed Tetrahydropyranylations 
 The tetrahydropyranylation (THPT) of phenol was examined next, to see if the  six-
membered vinyl ether would prove more viable (Table 1.5). When CH3CN was used as 
the solvent and PA-3 as the catalyst at room temperature, the corresponding THP 
protected phenol was obtained in 73% yield and 20% ee (Table 1.5, entry 3). Further 
optimization of the reaction conditions, with CH3CN as the solvent, did not show any  
O
ROH
Catalyst
entrya,b ROH catalyst (mol %) time (h) yield (%) eec (%)
1d TfOH (10 mol %) 1 85 --
2 (rac)-PA-1  (10 mol %) 18 75 --
BnOH
BnOH
4 OH PA-5 (10 mol %) 18 >99 --
3 BnOH PA-5 (10 mol %) 18 >99 --
OH5 PA-2  (5 mol %) 24 >99 8
6 OH PA-4  (10 mol %) 38 624
7 α-Naphthol PA-5 (10 mol %)
CH2Cl2, rt
24 91 --
8 α-Naphthol PA-3  (5 mol %) 24 70 2
9 β-Naphthol PA-5 (10 mol %) 24 >99 --
10e β-Naphthol PA-3  (5 mol %) 24 37 N.D.f
21 4a-e
O OR+
Ph
Ph O
O
P
O
OH
PA-4:  (R)-VAPOL-PA
O
O
P
O
OH
R
R
PA-1: R = H
PA-2:  R = 9-anthryl
PA-3:  R = 2,4,6-(i-Pr)3C6H2
PA-5: PPA = Phenyl 
Phosphinic Acid
P
O
OH
H
8 
Table 1.3. Chiral Phosphoric Acid-Catalyzed THFT of Phenol 
 
    a Standard conditions: 1.0:2.0 equiv of 1/2, [1] = 0.1 M. b Enantiomeric excess (%ee) was determined by 
chiral HPLC analysis. c Reaction carried out at -30 °C. d  Reaction carried out at 0 °C with 10 mol % 
catalyst. e T = 0 °C. f 1.0:1.0 equiv of 1/2. 
 
 
Table 1.4. Solvent Screening for the Chiral Phosphoric Acid-Catalyzed THFT of 
Phenol 
 
 
 
 
O OPhOcatalyst (5 mol %)
 solvent, rt
entrya catalyst time (h) yield (%) ee (%)bsolvent
1
2
3
4
5
6
7
8
9
10
11
12
13
14c
15d
16e
17
18f
PA-3
PA-2
PA-4
PA-6
--
PA-6
PA-3
PA-3
PA-3
PA-3
PA-3
PA-3
PA-3
PA-6
PA-3
PA-3
PA-5
PA-3
16
48
48
1.5
>168
0.75
18
72
18
18
5
29
19
22
24
24
24
CH2Cl2
CH2Cl2
CH2Cl2
CH2Cl2
CH2Cl2
CH2Cl2
EtOAc
PhCH3
ClCH2CH2Cl
CH2Cl2
o-xylene
m-xylene
p-xylene
PhCH3
PhCH3
PhCH3
CH2Cl2
PhCH3
>99
68
37
>99
--
>99
>99
<5
58
>99
>99
98
93
>99
75
52
80
29
11
4
0
8
--
2
22
--
12
12
24
18
26
4
18
18
----
28
O
O
P O
OH
i-Pr
i-Pr i-Pr
i-Pr
i-Pr
i-Pr
PA-3
O
O
P
O
OH
PA-2
Ph
Ph O
O
P
O
OH
PA-4
O
O
P
O
OH
SiPh3
SiPh3
PA-6PA-5
21b 4b
PhOH +
P
O
H
OH
OH O O O
entry time (h) yield (%) ee (%)
1 18 >99 22
2 48 trace
3 18 58
4 18 trace
5 18 trace
solvent, rt
solvent
toluene
EtOAc --
DCE
Et2O --
MTBE --
6 CH2Cl2 18 >99
12
12
+
R
R
O
O
P
O
OH
PA-3: R = 2,4,6-(i-Pr)3C6H2
PA-3  (5 mol %)
1b 2 4b
9 
Table 1.5. Chiral Phosphoric Acid-Catalyzed THPT of Phenol 
 
   a Standard conditions: 1.0:2.0 equiv of 1b/5, 0.1 mmol scale, 0.2 M solution, under an argon atmosphere. b  
0.1 M solution. c 4 Å MS, 1.0:1.5 equiv of 1b/5, 0.1 M solution. d Isolated yield. e Enantiomeric excess 
(%ee) was determined by chiral HPLC analysis. 
 
 
The tetrahydropyranylation (THPT) of benzyl alcohol was studied next, to see the 
effect of having a carbon between the aromatic ring and the alcohol. In most cases, the ee 
was nearly racemic; however, there were several examples of marked enantioselectivity. 
The highest enantioselectivity obtained was 16% (Table 1.6, entry 9). This result is 
worthy of discussion, as the initial reaction temperature was -30 °C. After 1 day at this 
temperature, product formation by TLC was nonexistent. The temperature was then 
increased to -10 °C, where the reaction occurred, and 6a was isolated in 79% yield. A 
possible explanation for the lack of reactivity at decreased temperatures could be due to 
the solubility, or lack thereof, of the catalysts as the temperature decreases. If the catalyst 
is shutdown, no reaction would be expected, as a background reaction between the vinyl 
ether and the alcohol does no occur without a catalyst. Changes to the catalyst loading, 
ratio between starting materials, temperature, and additives did not seem to provide any 
real sign of how to further optimize the reaction. 
 
O
PhOH
O OPhcatalyst (5 mol %)
solvent, temp.
entrya catalyst solvent temp (°C) yield (%)d ee (%)etime (h)
1b PA-3
51b
CH2Cl2 25 3.5 75 2
2b PA-2 CH2Cl2 25 -- N.D N.D.
3 PA-3 CH3CN 25 4 73 20
4c PA-3 CH3CN 25 2.5 84 4
5 PA-3 CH3CN -30 12 >99 8
6 PA-6 CH3CN -30 -- NR --
7 PA-3 -30 12 >99 2
8 PA-3 1,2-DCE -30 12 90 9
O
O
P
O
OH
R
R
6b
+
PA-2: R = 9-anthryl
PA-3: R = 2,4,6-(i-Pr)3C6H2
PA-6: R = SiPh3 PhCH3
10 
Finally, piperonyl alcohol was also screened for viability in the THPT reaction.  
4 Å MS were used as a desiccant to ensure trace amounts of water did not affect the 
reaction outcome. A ratio of 1.0:1.5 equiv of 1g/5 was constant throughout. Solvent 
screening with catalyst PA-2 (Table 1.7) showed the highest ee obtained was 11% (Table 
1.7, entry 2). Using DCM as the solvent, quantitative yield was obtained, but the ee 
dropped to 9% (Table 1.7, entry 6).  
 Drawing from the knowledge of imine activation by chiral phosphoric acids, a 
catalytic cycle can be proposed for chiral phosphoric acid-catalyzed THFT and THPT 
(Figure 1.2). The reactive oxocarbenium ion is formed via protonation of the vinyl ether 
by the chiral phosphoric acid. Upon formation of a chiral ion-pair, one face of the newly 
generated oxocarbenium ion is blocked from nucleophilic attack by the alcohol. 
Nucleophilic attack of the alcohol on the open face of the oxocarbenium ion forms the 
product and regenerates the chiral phosphoric acid to enter back into the catalytic cycle. 
Table 1.6. Chiral Phosphoric Acid-Catalyzed THPT of Benzyl Alcohol 
 
 
 a Standard  conditions: the concentration for entries 1-4 is 0.05 M. The  
concentration for all other reactions is 0.1 M. b Isolated yield. c Enantiomeric  
excess was determined by chiral HPLC analysis. 
O
solvent, additive
entrya PA-2  (mol %) solvent temp (°C) yield (%)b ee (%)ctime (h)
51a
1a/5
1 10 1:2 25 17 83 2
2 10 1:2 25 17 94 8
3 10 1:2 25 17 92 6
4 10 1:2 25 17 96 4
5 7.5 1:1.5 25 12 95 8
6 6 1:1.2 25 12 91 9
7 5 1:1.5 CH2Cl2 25 6 87 12
8 5 1:1.5 CH2Cl2 25 6 82 7
9 5 1:1.5 -30 ⇒ -10 45 79 16
10 5 1:1.5 -30 ⇒ -10 45 40 7
11 5 1:1.5 CH2Cl2 -30 ⇒ -10 45 90 8
additive
4 Å MS
--
3 Å MS
5 Å MS
4 Å MS
4 Å MS
4 Å MS
--
4 Å MS
--
4 Å MS
6a
BnOH
O OBn
R
R
O
O
P
O
OH
PA-2: R = 9-anthryl
PhCH3
PhCH3
PhCH3
PhCH3
PhCH3
PhCH3
PhCH3
PhCH3
PA-2  (mol %)
+
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Table 1.7. Chiral Phosphoric Acid-Catalyzed THPT of Piperonyl Alcohol 
 
 
 
Figure 1.2. Catalytic Cycle for Vinyl Ether Activation by Chiral Phosphoric Acids 
 
1.6 Chiral Phosphoric Acid-Catalyzed Transacetalization 
 Having made little headway in developing a direct, intermolecular acetalization 
reaction of vinyl ethers, I examined other methods for the synthesis of chiral acetals. 
Surprisingly, there is a fundamental lack of chiral methods to construct these important 
molecules. Classically, acetals are used as protecting groups for aldehydes and ketones, 
by reacting the carbonyl compound with an alcohol in the presence of an acid catalyst. 
O
O
O
OOH O
O
O+
solvent, 4 Å MS, rt
entry solvent time (h) yield (%) ee (%)
1 18 84 8
2 18 86 11
3 44 69 0
4
PhCH3
C6H6
PhCH3
PhCl 18 90 8
5 CH2Cl2 40 86 7
6 CH2Cl2 40 99 9
7 CH3CN 20 68 0
R
R
O
O
P
O
OH
1g 5 6g
PA-2  (5 mol %)
PA-2: R = 9-anthryl
P
OO
O OH
*
P
OO
O O
*
H-Nu
7
2
11
12
O
O
ONu
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Unfortunately, attempts to adapt this classic reaction to fit with chiral phosphoric acid-
catalysis failed. The thinking at the time was that the acid was simply not strong enough 
to protonate the carbonyl, and also maintains the chiral ion pair transition state.  
 An attractive method called transacetalization caught our eye. In this reaction 
type, a molecule bearing a symmetric acetal is activated by a Lewis or Brønsted acid to 
form an oxocarbenium ion in situ. The desired alcohol nucleophile then adds and forms 
the transacetalization product. At the start of my work, there existed no reports of chiral 
phosphoric acid-catalyzed transacetalization, or even chiral catalytic methods. Sections 
1.6.2 and 1.6.3 document seminal publications by Benjamin List and co-workers9 
demonstrating for the first time methods to achieve catalytic asymmetric 
transacetalizations. 
 My work with THFT and THPT reactions was in progress, as well as my own 
work with transacetalization when List’s reports were published. I was confident that my 
projects still had momentum, since they were true, direct, intermolecular acetalizations. 
In comparison, List has reported direct, intramolecular acetalizations, with drawbacks I 
later discuss. 
1.6.1 Background 
 Before reports of chiral phosphoric acid-catalyzed transacetalizations in late 2010 
by Benjamin List9a, there were only few reports of any catalytic asymmetric nucleophilic 
addition to oxocarbenium ions10. These reports became the inspiration for developing the 
methodology to synthesize chiral O,O-acetals. 
In 2008, Jacobsen and co-workers reported the catalytic asymmetric addition of 
silyl ketene acetals to oxocarbenium ions (Table 1.8)11. This chemistry involved the use 
13 
of chiral thioureas as catalysts. Much like chiral phosphoric acids, thioureas catalyze 
many similar reactions by formation of chiral ion-pairs. This reaction has heavy roots in 
carbohydrate methodology; however, the catalytic asymmetric variant had not yet been 
exploited. To generate the necessary oxocarbenium ion, a 1-chloroisochroman precursor 
must first react with the chiral thiourea catalyst, to generate the chiral ion-pair. At this 
point, the silyl ketene acetal is added to the reaction and reacts with the in situ generated 
oxocarbenium ion to produce the ether products in both excellent yield and ee.  
This paper was published around the time I started putting ideas together for 
various acetalization and transacetalization routes. Jacobsen’s paper set a high precedent, 
in that a chiral thiourea (a catalyst that is a H-bond donor, not a transfer agent) was 
capable of forming such a reactive intermediate long sought after by carbohydrate 
chemists, and others, and then show that the facial selectivity could be controlled to lead 
to enantioenriched products. If this could be done with silyl ketene acetals, perhaps it 
could be done with alcohols (to form an acetal), amines (to form an N,O-aminal), and 
other common nucleophiles.  
Despite the immense importance and advancement of methodology shown, there 
are some drawbacks: (1) the pre-requisite 1-chloroisochromans have to be prepared either 
in situ or stored at -78 °C, (2) the 1-chloroisochromans are prepared via reaction of  
1-methoxyisochroman with BCl3, an extremely dangerous chemical, and (3) Because the 
1-chloroisochromans were so reactive, the reaction needed to be conducted at -78 °C, 
which is not ideal for a large scale-up or chemists without access to such temperatures to 
run reaction for long periods of time. 
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Table 1.8. Jacobsen’s Chiral Thiourea-Catalyzed Additions to Oxocarbenium Ions 
 
1.6.2 List’s Catalytic Asymmetric Transacetalization 
In 2010, List and co-workers reported the first catalytic asymmetric 
transacetalization.9a Chiral phosphoric acid PA-3 (TRIP-PA, a staple of the List group) 
enantioselectively catalyzed the intramolecular transacetalization of hydroxyacetals 
(Table 1.9). This work demonstrates that stereogenic acetals bearing one chiral center can 
be formed through an intramolecular cyclization with high yields and ee.  
Ee of 96% could be obtained when tertiary alcohols were used. To test the effect 
of substrate size, a small-unsubstituted primary alcohol was used, but obtained lower ee.   
Drawbacks exist to this groundbreaking report. The scope of the transacetalization 
is limited to intramolecular reactions. This predicates substrates be tailor-made to suit the 
specific needs required for the reaction conditions. One can make the case that geminal 
substitution is a requirement for high ee, presumably due to the Thorpe-Ingold effect 
positively accelerating the ring formation step. With a congregation of steric bulk to 
O
OMe
1) BCl3, CH2Cl2, 0 °C → rt
2) 10 mol % 15, acetal (1.5 equiv)
MTBE, -78 °C, 24 h
O
CO2MeR R
O
CO2Me
15a
87% yield, 85% ee
O
CO2Me
15b
Me
82% yield, 84% ee
O
CO2Me
15c
87% yield, 85% ee
O
CO2Me
15d
84% yield, 97% ee
O
F
N
O
N
H
t-Bu
N
H
S
CF3
CF3
14
O
CO2Me
15e
13
15a-e
84% yield, 92% ee
15 
create a tight, smaller chiral ion-pair at the reaction site, enantiodifferentiation may be 
amplified. In the absence of geminal substitution the product was obtained in 76% yield 
and only 58% ee (Table 1.9, 17h).  
List and co-workers are uncertain whether the reaction proceeds through an 
oxocarbenium ion or through an SN2-type mechanism (Figure 1.3). The proposed 
oxocarbenium ion intermediate could occur via activation of the acetal by hydrogen 
bonding interactions with the chiral phosphoric acid. Transfer of a proton to the acetal, 
and loss of ethanol would generate the oxocarbenium intermediate that forms a strong 
chiral ion-pair with the chiral phosphate. The SN2 pathway involves precise coordination 
of alcohol attack, and loss of the leaving group. In this form, the acetal is intact, but due 
to activation by the catalyst, an ethanol molecule is lost. The driving force for the 
expulsion is attack by the alcohol to generate the new chiral center. 
 
Figure 1.3. Possible Transition States for List’s Catalytic Asymmetric  
Transacetalization 
 
Table 1.9. List’s Catalytic Asymmetric Transacetalization 
 
O
EtO
H
H
OEt P
O
O
O
O
H
*
SN2-type substitution
O
H
O H
H
Me
H
P O
O
O
O *
oxocarbenium
ion intermediate
vs
OEt
EtO
PA-3  (1 mol %)
C6H6, 4 Å MS, rt
OEtO RR
16 17a-h
R
OH
R
O
O
P
O
OH
R
R
PA-3:   R = 2,4,6-(i-Pr)3C6H2
OEtO OEtO
F
OEtO
F
F
F
OEtO OEtO CH3CH3
OEtO i-Pr
i-Pr
OEtO
OEtO
OMe
OMe
94% yield, 94% ee 84% yield, 89% ee 93% yield, 96% ee 76% yield, 58% ee
95% yield, 89% ee 96% yield, 91% ee 98% yield, 94% ee 96% yield, 64% ee
17a 17b 17c 17d
17f 17g 17h17e
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1.6.3. List’s Kinetic Resolution of Homoaldols via Catalytic Asymmetric 
Transacetalization 
 
List and co-workers extended their transacetalization methodology to the 
development of a highly enantioselective kinetic resolution of protected homoaldols via a 
catalytic asymmetric transacetalization reaction (Tables 1.10 and 1.11).9b This 
groundbreaking work represents the first report of kinetic resolution of alcohols through 
acetal formation. It is also the first chiral phosphoric acid-catalyzed kinetic resolution of 
alcohols. 
Paramount to the report was the development of a new class of chiral phosphoric 
acids, derived from the 1,1’-spirobiindane backbone. List’s expectation was to utilize this 
chiral scaffold to provide a geometrically different and more rigid chiral pocket than that 
of the BINOL-derived phosphoric acids. For the kinetic resolution of secondary 
homoaldols (Table 1.10), spirocyclic TRIP-PA analogue STRIP-PA (PA-13), could be 
used at room temperature with low catalyst loading (1 mol %) to give the homoaldol 
products in high ee  (Table 1.10). In most cases, 1 mol % STRIP-PA (PA-13) catalyzed 
the kinetic resolution of rac-19 to give cyclic acetals 20a-g and enantioenriched 
homoaldol 19 with excellent ee. The identity of the aromatic substituent does not seem to 
effect the reaction, since homoaldols rac-2a-2d underwent highly selective kinetic 
resolutions (Table 1.10, entries 1-4). Homoaldols rac-19e and rac-19g demonstrated the 
expansion of the substrate scope to include homoaldols with a cis double bond (rac-19e ) 
or aromatic tether (rac-19e) leading to high enantioenriched products (Table 1.10, entries 
5 and 7, respectively). The majority of cyclic acetals 20 were produced with ee greater 
than 90% (Table 1.10, entries 20a-e).   Conversions were as high as 56%, between the 12 
17 
and 16 h. The dr was >10:1 in all cases except one (Table 1.10, entry 5). The highest dr 
was 44:1 using the aromatic tethered homoaldol rac-19e (Table 1.10, entry 20g). 
Using the optimized reaction conditions for the kinetic resolution for secondary 
alcohols, List and co-workers expanded their substrate scope to include tertiary alcohols. 
In practice, developed methods for the kinetic resolution of secondary alcohols are 
usually not applicable to tertiary alcohols.  To accomplish this reaction with tertiary 
alcohols, the limited methods one would use include sparse reports of nonenzymatic 
methods employing chiral reagents, and catalytic methods that employ peptides or metals 
as catalysts. 
List found tertiary alcohols performed incredibly well in his asymmetric 
transacetalization. It is of note that the STRIP-PA (PA-13)-catalyzed resolution of 
tertiary homoaldols (Table 1.11) was as efficient as with secondary homoaldols (Table 
1.10).  Cyclic acetals 23a-f (Table 1.11, entries 1-6) and the corresponding acyclic acetal 
homoaldols 22a-f (Table 1.11, entries 1-6) were obtained with excellent 
enantioselectivity (cyclic acetals 23a-f: %ee = 95-98%; acyclic acetal homoaldols 22a-f: 
%ee = 84-97%). 
Substituted homoaldols (such as 22) represent a fascinating feature of the kinetic 
resolution: As an additional acetal stereogenic center is formed during the 
transacetalization reaction, the great degree of catalyst control of its formation gives rise 
to a significantly high diastereoselective reaction. Even when the enantiodifferentiation 
of the starting homoaldol is not very strong, the less reactive enantiomer is always 
converted into the minor trans-diastereomer (Scheme 1.2 ). 
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Table 1.10. List’s Kinetic Resolution of Secondary Homoaldols 
 
 
 
Scheme 1.2. Role of the Newly Formed Acetal Stereocenter 
entry conv. (time) ee 20 dr 20 ee 19
1 55% (18 h) 94% 13:1 97%
2 55% (16 h) 94% 12:1 96%
3 54% (14 h) 93% 13:1 95%
4 53% (14 h) 95% 19:1 97%
6 55% (4 h) 87% 19:1 96%O
EtO
20f
O
EtO
20a
O
EtO
OMe20b
O
EtO
F20c
O
EtO
S20d
O
O
i-Pr i-Pr
i-Pr
i-Pri-Pr
i-Pr
P
O
OH
PA-13:-STRIP-PA
R H
O OEt
EtO MgCl
rac-19
EtO
OEt
OH
R
PA-13  (1 mol %)
CH2Cl2, 4 Å MS, rt
O
EtO
R
EtO
OEt
R
OH19
20a-g
O
EtO
20e
O
i-PrO
20g
5
7
56% (14 h) 96% 8:1 96%
55% (12 h) 79% 44:1 93%
20
17
18
EtO
OEt
(S)
OH
n-Bu
EtO
OEt
(R)
OH
n-Bu
O
(S)EtO n-Bu
O
(R)EtO n-Bu
EtO
OEt
(R)
OH
n-Bu
94% ee
99% ee
93% ee
+
+
dr 2.9:1
rac O
O
i-Pr i-Pr
i-Pr
i-Pri-Pr
i-Pr
P
O
OH
PA-13:-STRIP-PA
PA-13  (1 mol %)
CH2Cl2, 4 Å MS, rt
10 h
conv. 68%
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Table 1.11. List’s Kinetic Resolution of Tertiary Homoaldols 
 
 Globally, the kinetic resolutions developed by the List group represent a highly 
atom-economic method that does not need stoichiometric reagents and the only 
byproduct of the reaction is ethanol.   
 
1.6.4 Intermolecular Transacetalization of 1-Methoxyisochroman using Chiral 
Phosphoric Acids 
 
With that in mind, I began developing a chiral phosphoric acid-catalyzed 
transacetalization of 1-methoxyisochroman. This substrate was the basis of the Jacobsen 
work, thus a perfect initial substrate. It seemed plausible that success could be achieved 
since these compounds had more steric bulk than simple vinyl ethers like 2 and 5. Also, 
entry conv. (time) ee 23 dr 23 ee 22
1 55% (10 h) 97% 9:1 92%
2 55% (12 h) 97% 9:1 97%
3 55% (28 h) 95% 7:1 84%
4 57% (24 h) 98% 5:1 90%
5 54% (40 h) 98% 11:1 95%
6 51% (3 h) 98% 18:1 93%
O
EtO
23a
O
EtO
23b
O
EtO
23c
O
EtO
i-Pr23d
O
EtO
Ph
O
EtO
23f
R1 R2
O
rac-22
EtO
OEt
OH
R1
PA-13  (1 mol %)
CH2Cl2, 4 Å MS, rt
O
EtO
R1
EtO
OEt
R2
OH22
23a-f
R2
R1
R2
23
23e
O
O
i-Pr i-Pr
i-Pr
i-Pri-Pr
i-Pr
P
O
OH
PA-13:-STRIP-PA
21
OEt
EtO MgCl
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instead of generating an oxocarbenium ion that is immediately consumed (direct 
acetalization), this transacetalization would provide access to a more stable means of 
oxocarbenium formation, leading to better reaction yield and enantioselectivity.  
I initiated my intermolecular transacetalization studies by choosing phenol (1b) as 
the nucleophilic component and 1-methoxyisochroman (13) as the oxocarbenium source.  
Two common chiral phosphoric acids, PA-2 (9-anthryl-PA) and PA-3 (TRIP-
PA), were chosen to evaluate the intermolecular transacetalization reaction (Table 1.12).   
The reaction did not seem promising, since little to no product formation was 
occurring. Examination of the reaction by TLC visualization revealed only unreacted 
starting material 13 to be present in the reaction mixture. At this point I thought there 
were three possible explanations: (1) the oxocarbenium ion was not forming at all; thus, 
the catalyst was not reactive enough, (2) the oxocarbenium ion was being generated but 
the MeOH that was displaced simply re-added to form the starting material, and (3) 
phenol (1b) and MeOH were competing with one another to add to the oxocarbenium 
ion.  
Of the three possible explanations I ruled out (1) fairly quickly, since chiral 
phosphoric acids are reactive enough catalysts to generate the reactive intermediate. I 
came to the conclusion that explanations (2) and (3) were both correct. Building on (1), 
the oxocarbenium ion would not exist long in solution. Since MeOH is formed in the 
generation of the oxocarbenium ion, it can just as easily add back to it. MeOH is a good 
nucleophile and also has the advantage of being less sterically hindered than phenol (1b) 
and other substrates. To see if this was occurring I checked the enantioselectivity of 
several crude reactions after a few days. If the MeOH did add back to form the starting 
21 
material in the presence of a chiral environment, the resulting isochroman could have 
become enantioenriched. Unfortunately, the results of chiral HPLC analysis showed the 
compound to be racemic in all cases. Explanation (3) inadvertently explains (2). If it is 
known that the catalyst should activate the molecule, but only starting material is present, 
it is fairly clear that the reverse reaction to form the starting material has a greater 
equilibrium than the forward reaction with the alcohol to form the transacetalized 
product.  
How can this be proven? It’s important to remember the low molecular weight of 
MeOH and its ability to be trapped or intercalated into various drying agents, zeolites, 
etc. We commonly use 4 Å MS for our small-scale reactions to fully ensure a dry reaction 
environment. 4 Å MS have many uses, one being the absorption of MeOH. With all of 
this information in hand, I tested my theory to see if the addition of 4 Å MS to the 
reaction mixture would yield product. Happily, the product was formed, albeit in 
moderate to poor isolated yields of 67% and 38% and without any enantioenrichment 
(Table 1.12, entries 1 and 2, respectively). 
With this information in hand, it was clear that the Molecular Sieve Effect 
provided a means to initiate this reaction. MeOH is absorbed into the pores of the sieves 
as it is displaced in the oxocarbenium ion formation. At this point, phenol (1b) is the sole 
nucleophile. These results highlighted the importance of moisture-free reaction 
conditions, as well as properly dried and stored molecular sieves.   
Realizing that I might have similar problems with phenol (1b) like I did during 
THFT and THPT reactions, I decided to move on to a new substrate. Table 1.13 
documents the transacetalization of 1-methoxyisochroman (13) with benzhydrol (25). 
22 
Table 1.12. Role of Molecular Sieves in the Transacetalization of 13 with 1b 
 
 a Reactions were performed on a 0.1 mmol scale, with phenol (1b) dissolved  
              in toluene and used as a 0.1 M solution, under an atmosphere of argon. b Isolated yield.   
              c Determined by chiral HPLC analysis.  
 
 Benzhydrol (25) was chosen for several reasons: (1) the two phenyl substituents 
provide a sterically hindered environment, capable of creating enough steric bulk for a 
tight ion-pair, (2) The two phenyl substituents would presumably have favorable π-π 
stacking interactions with the aryl rings of the BINOL-derived phosphoric acids, helping 
to coordinate formation of the transition state, (3) It is achiral, so there would be no issue 
of diastereoselectivity. PA-3 (TRIP-PA) afforded the highest yield of 98.5% (Table 1.13, 
entry 7). Although PA-3 afforded the best, near quantitative yields, the highest ee was 
only 18% (Table 1.13, entry 3). Notably, the ee increased by decreasing the catalyst 
loading to 2 mol %. A further decrease in the catalyst loading to 1 mol % caused a drop 
in ee to 15% (Table 1.13, entry 4). Temperature was evaluated as a factor in PA-3’s 
ability to yield products with higher ee. The temperature was lowered, in an attempt to 
control the selectivity. At -20 °C no observable reaction occurred. However, when the 
reaction vial was removed from the cryocooler and warmed to room temperature, the 
reaction went to completion. In all three cases, after isolating the product at room 
temperature, the ee was near racemic with values of 5%, 7%, and 2% (Table 1.13, entries 
O
OMe
PhOH O
OPh
catalyst (5 mol %)
solvent, additive, rt
entrya catalyst solvent time (h) yield (%)b ee (%)c
O
O
P
O
OH
R
R
1 PA-1 3.5 67 0
2 PA-2 2 38 0
3 PA-1 CH2Cl2 -- -- --
4 PA-1 EtOAc -- -- --
5 PA-1 PhCl -- -- --
6 PA-1 -- -- --
1b/13
131b
1.5/1.0
1.5/1.0
1.0/1.5
1.0/1.5
1.0/1.5
1.0/1.5
+
PhCH3
PhCH3
PhCH3
additive
4 Å  MS
4 Å  MS
--
--
--
--
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PA-2: R = 9-anthryl
PA-3:  R = 2,4,6-(i-Pr)3C6H2
23 
10, 11, and 12, respectively). Several other common phosphoric acids in the laboratory 
were screened.  A notable increase in enantioselectivity to 30% was observed with the 
use of 2-napthhyl (PA-8) derived or 1-naphthyl (PA-7) derived BINOL phosphoric acids 
(Table 1.13, entries 15 and 16, respectively). 
Table 1.13. Transacetalization of 1-Methoxyisochroman with Benzhydrol   
 
     a General conditions: molar ratio of 25/13 = 1.0:1.5 in PhCH3 (0.1 M). b  CH2Cl2 was the solvent for 
entry 5; benzene was the solvent for entry 6. c Concentration was 0.2 M. d 4 Å MS were added. e Reactions 
initiated at -20 °C, and due to lack of reactivity warmed to room temperature. f Reaction performed at -20 
°C. g Isolated yield. h  Determined by chiral HPLC analysis. 
 
O OMe O O
catalyst (mol %)
PhCH3, 5 Å MS, rt
1325
Ph
Ph
OH
Ph
Ph
entrya catalyst (mol %) solvent time (h) yield (%)g ee (%)h
2 PA-3 (5 mol %) 72 80 17
1 PA-3 (10 mol %) 12 91 6
13 PA-9 (5 mol %) 12 68 6
5b PA-3 (5 mol %) CH2Cl2 12 64 3
3 PA-3 (2 mol %) 36 48 18
4 PA-3  (1 mol %) 36 44 15
14 PA-4 (5 mol %) 144 -- --
15 PA-8 (5 mol %) 144 51 30
16 PA-7 (5 mol %) 168 28 30
17 PA-10 (5 mol %) 12 95 6
18 PA-11 (5 mol %) 24 63 8
6b PA-3 (5 mol %) C6H6 12 93 4
7c PA-3 (5 mol %) 12 98.5 3
8d PA-3 (5 mol %) 24 80 14
9d PA-3(5 mol %) 24 81 1
10e PA-3(5 mol %) 120 -- 5
12f PA-9 (5 mol %) 24 76 2
11e PA-3 (5 mol %)) 120 -- 7
PA-10: R = α-naphthyl
PA-11: R = 2,4,6-(i-Pr)3C6H2
O
O
P
O
OH
R
R
+
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PA-7: R = α-naphthyl
PA-8: R = β-naphthyl
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In both cases, the reaction was sluggish and did not go to completion (starting 
material was present by TLC analysis). Instead, after about 5.5 days, the reaction 
mixtures were directly chromatographed on silica gel to afford the products in 51% yield 
(Table 1.13, entry 15) and 21% yield (Table 1.13, entry 16). PA-10, an H8-BINOL-
derived phosphoric acid was screened, and showed greater reactivity, forming the product 
in 10 hours, but with a nearly racemic ee of 6%  (Table 1.13, entry 17). 
 
1.7 Conclusion 
In summary, my attempts at catalytic asymmetric acetalization and 
transacetalization were unable to lead to an optimized set of conditions to produce chiral 
acetals bearing only one stereocenter. There are of course many variables and 
experimental parameters, which I did not further examine that could be optimized. 
Intramolecular variants of the direct acetalization and transacetalization are certainly still 
a possibility (as seen with the work of the List group), as well as use of newly designed 
more sterically hindered chiral phosphoric acids to aid in better formation of a chiral ion-
pair. 
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CHAPTER 2: 
THE CATALYTIC ASYMMETRIC ISO-PICTET-SPENGLER REACTION 
 
2.1 Introduction 
The tetrahydro-γ-carboline scaffold (Figure 2.1), like the structurally similar 
tetrahydro-β-carboline scaffold, is common in biologically active compounds (Figure 
2.2). Tetrahydro-γ-carbolines have proven effective against numerous targets, with 
positive effects for the management of pain,  cancer treatment, and neuroleptic therapy. 
 
 
Figure 2.1. Tetrahydro-β-Carboline and Tetrahydro-γ-Carboline Scaffolds  
 
Many structures in Figure 2.2 are achiral, presumably due to the almost complete 
absence of catalytic asymmetric syntheses of the tetrahydro-γ-carboline scaffold. In the 
past, tartaric acid-based resolution of the racemic mixture afforded the pure tetrahydro-γ-
carboline enantiomers.  
A catalytic asymmetric iso-Pictet-Spengler had not been reported when I started 
my studies. Based on previous reports of chiral phosphoric acid-catalyzed Pictet-Spengler 
reactions from the groups of List, Hiemstra, and Dixon, it should be possible to utilize 
N
H
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R
tetrahydro-γ-carboline
N
H
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R
tetrahydro-β-carboline
-The Pictet-Spengler reaction provides facile access 
  to chiral tetrahydro-β-carbolines.
-Catalytic asymmetric methodologies have not
 been developed
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chiral phosphoric acid catalysis to achieve the first catalytic asymmetric iso-Pictet-
Spengler reaction. 
 
 
Figure 2.2.  Biologically Active Tetrahydro-γ-Carbolines 
 
2.2. Comparison of the Pictet-Spengler and Iso-Pictet-Spengler Reactions 
 
2.2.1 The Pictet-Spengler Reaction  
 The tetrahydro-β-carboline motif is biosynthesized by the Pictet-Spengler 
reaction, an acid-catalyzed condensation between an arylethylamine, such as tryptamine 
and an aldehyde (Figure 2.3). 
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Figure 2.3. Pictet-Spengler Synthesis of the Tetrahydro-β-Carboline Ring System 
 Mechanistically, the Pictet-Spengler reaction occurs when an arylethylamine 
undergoes condensation with an aldehyde to afford an imine intermediate, which under 
acid catalysis cyclizes to form the requisite tetrahydro-β-carboline. 
 In recent years, catalytic asymmetric variants of the reaction have been 
discovered. In particular, the groups of List, Hiemstra, and Dixon have made significant 
contributions to the chiral phosphoric acid-catalyzed Pictet-Spengler reaction. 
 List and co-workers reported the first chiral phosphoric acid-catalyzed Pictet-
Spengler reaction12a. PA-3 (TRIP-PA) was found to promote the Pictet-Spengler 
reactions of geminally-disubstituted tryptamine derivatives. The geminal substitution was 
a requirement to avoid undesired aldol reaction side products. 
 The following year, Hiemstra and co-workers reported Pictet-Spengler reactions 
of N6-protected tryptamines catalyzed by chiral phosphoric acids. Two reports were 
published. The first of which involved tryptamine substrates bearing the N-tritylsulfenyl 
protecting group, which is cleaved after the reaction, under acidic conditions. The second 
used N-benzyl tryptamine substrates for the Pictet-Spengler reaction12b.   
 Dixon and co-workers reported the in situ formation of a highly reactive N-
acyliminium ion from the reaction of tryptamine, an enol lactone, and a chiral phosphoric 
acid catalyst 12c. The quinolizidine products contain the tetrahydro-β-carboline skeleton. 
 
N
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2.2.2 The Iso-Pictet-Spengler Reaction 
Tetrahydro-γ-carbolines can be prepared by intramolecular imine hydroarylation, 
better known as the iso-Pictet-Spengler reaction, in the same manner its structural isomer 
the tetrahydro-β-carboline is prepared. The starting material is the C2-substituted isomer, 
isotryptamine. 
Despite the importance of tetrahydro-γ-carbolines, there is only one report 
describing a catalytic asymmetric approach.13 Thus the need for new methods is of great 
importance. Figure 2.4 shows a hypothetical iso-Pictet-Spengler reaction catalyzed by a 
chiral phosphoric acid.  
 
Figure 2.4. The Iso-Pictet-Spengler Reaction 
The lone report to form the target compounds involves intramolecular asymmetric 
allylic alkylation of 3-substituted indoles (27) furnished the enantioenriched 1-vinyl-
tetrahydro-γ-carbolines (29) (Figure 2.5). Two examples (93% ee) were reported.  
A literature search revealed limited examples of diastereoselective substrate-
controlled reactions of chiral starting materials to yield tetrahydro-γ-carbolines. 
Intermolecular Michael reactions of indoles provide the 3-substituted product. You and 
co-workers investigated the alkylation of dihydroindole, which reacts at C2. PA-2 
catalyzes the Michael reaction between dihydroindole 30 and β-nitrostyrene 3113. 
Oxidation with p-benzoquinone yields 2-nitroethylindole 32 (Scheme 2.1). Reduction of 
32 with Pd/C yields the enantioenriched (α)-phenylisotryptamine. The tetrahydro-γ-
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carboline 33 is obtained by reaction with 4-bromobenzaldehyde in the presence of 
trifluoroacetic acid. 
 
Figure 2.5. Intramolecular Asymmetric Allylic Alkylation of 3-Substituted Indoles13 
 
 
Scheme 2.1. You’s Multistep Synthesis of Tetrahydro-γ-Carboline 33 
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2.3 Chiral Phosphoric Acid-Catalyzed Iso-Pictet-Spengler Reactions 
 Given the past success chiral phosphoric acid-catalysis had with the Pictet-
Spengler reaction, it only seemed a natural progression to consider similar substrates, 
reaction conditions, catalysts, etc. for the iso-Pictet-Spengler reaction. Isotryptamine was 
the chosen test substrate, since it is analogous to tryptamine. Isotryptamine, however, is 
extremely costly and involves several steps to produce, compared to tryptamine, which is 
relatively cheap and easy to obtain. In order to evaluate the iso-Pictet-Spengler reaction, 
isotryptamine(s) must first be prepared. I decided the most efficient, cost-effective, and 
practical route would be via the synthesis shown in Figure 2.6. 
 
Figure 2.6. Multistep Synthesis of Isotryptamine 
With the target substrate, isotryptamine (37), in hand, I began my studies. I chose 
4-chlorobenzaldehyde (38) as the reaction partner. Table 2.1 a catalyst screening for the 
chiral phosphoric acid-catalyzed iso-Pictet-Spengler reaction. A number of catalysts were 
screened, including the versatile TRIP-PA (PA-3). PA-3 was able to catalyze the 
transformation to product 39 with a moderate yield of 68%, and a low ee of 7% (Table 
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2.1, entry 3). PA-2 gave similar results with 63% yield and 7% ee (Table 2.1 entry 3). 
The highest yield of 82% was achieved with PA-7, with 22% ee (Table 2.1, entry 4). The 
highest ee that was obtained was 26% using PA-8, with a sacrifice to the yield (57%) 
(Table 2.1, entry 8). 
Table 2.1. Catalyst Screening for the Iso-Pictet-Spengler Reaction 
 
       a Reaction Conditions: 37 and catalyst dissolved in toluene. Stock solution of 3 in toluene (1.5 M) added 
to the reaction vessel, under argon. Reaction stirred at room temperature and monitored by TLC. b As 
determined by Chiral HPLC analysis of the N-Boc derivative. c Upon consumption of the starting material 
(as judged by TLC), Boc2O is added directly, without isolation of the unprotected amine. d 10 mol % N,N'-
Diphenylthiourea used as an additive. 
 
 It is important to note that in order to determine the ee of these products, they first 
had to be converted to the N-Boc derivative. Protection of the carboline nitrogen allows 
for timely elution off the HPLC column, as well as better absorbance and clearer peaks 
and separation. As noted in the legend for Table 2.1, some reactions were not isolated 
prior to the addition of Boc2O. The outcome did not seem to be affected, as the UV 
absorbance and retention times on the HPLC were the same as when the initial product 
was first columned on silica gel and then reacted with Boc2O. 
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 Next, the reaction was evaluated by adjusting several variables: the temperature 
was decreased to -30 ºC, 4 Å MS were added, and the concentration of 37 was 0.1 M in 
PhCH3 (Table 2.2). Catalyst PA-10, an H8-BINOL-derived phosphoric acid, afforded the 
product in the highest yield and ee: >99% and 26%, respectively (Table 2.1, entry 4). The 
only other reactions to reach double digits for ee were entries 1 and 3. Entry 1 used PA-3 
as the catalyst, while entry 3 used PA-8. 
Table 2.2. Temperature and Additive Effect on the Iso-Pictet-Spengler Reaction  
 
 
2.4. Thiourea-Catalyzed Enantioselective Iso-Pictet-Spengler Reactions 
 Several months into this project, a report by Jacobsen and co-workers was 
published reporting the first catalytic asymmetric Iso-Pictet-Spengler reaction15. An 
overview of their reaction and conditions can be found in Scheme 2.2. The yields are fair 
to good but the enantioselectivities are excellent with a 98-99% range. 
 An overview of the substrate scope and reaction conditions is summarized in 
Table 2.3. High enantioselectivities were obtained with the use of electronically 
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demanding aliphatic and aromatic aldehydes in combination with both electron rich and 
electron deficient isotryptamine (37) derivatives (Table 2.3, 40a-h). 
 
Scheme 2.2 Jacobsen’s Thiourea-Catalyzed Enantioselective Iso-Pictet-Spengler 
Reaction 
 
Table 2.3. Substrate Scope for Thiourea-Catalyzed Iso-Pictet Spengler Reactions 
 
 In an effort to make the reaction more efficient, it was further optimized and the 
crude products of the reaction were reacted with Boc2O at room temperature. N-Boc 
protected products 41 received an amplification of their ee to >99% through 
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crystallization or trituration of the product out of solution (Table 2.4). Using the one-pot 
procedure, the need for column chromatography was eliminated, and it is speculated that 
the reaction could be scaled up, since the product is recrystallized or triturated out of 
solution. 
Table 2.4. Trituration/Recrystallization to Boost Reaction Enantioselectivity 
 
 Overall, this publication by Jacobsen and co-workers represents the synthesis of 
an important framework in biologically active compounds, the tetrahydro-γ-carboline, in 
high yield and ee. Unfortunately, it does have the drawback of a needed protection step in 
order to measure the ee. This added step could be unattractive in industry, even with the 
ease of the protecting group’s removal, since it involves additional time and resources.  
 
2.5 Conclusion 
 My work on the iso-Pictet-Spengler reaction is still a win in my book, since I 
knew that I was on the right track. What I was lacking was the dual catalyst system that 
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the Jacobsen group employed for their report. I began investigating the combination of 
achiral (thio)ureas and chiral phosphoric acids as a dual catalyst system. Unfortunately, 
this was the at the time that my lab activities concluded. I believe that this reaction is still 
possible, in high yield and enantioselectivity, with a chiral phosphoric acid. Combining 
the information provided in Chapter 1, I think some of the advancements the List group 
have made in the development of stronger chiral phosphoric acids derived from the 
BINOL framework is promising. The smaller chiral pocket could mimic that of a 
thiourea, since hydrogen bonding catalysis creates a similar, tight binding pocket with 
strong H-bonding interactions.   
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CHAPTER 3: 
EXPERIMENTAL PROCEDURES 
 
3.1. Supporting Information for Chapter 1 
 
3.1.1. General Considerations 
 All reactions were carried out in flame-dried screw-cap test tubes with magnetic 
stirring. Toluene, diethyl ether, dichloromethane, and THF were purified by passing 
through a column of activated alumina under a dry argon atmosphere. VAPOL-PA was 
synthesized in accordance with the literature procedure16. Substituted BINOL phosphoric 
acids were prepared according to known literature procedures. Thin layer 
chromatography was performed on Merck TLC plates (silica gel 60 F254). Flash column 
chromatography was performed with Merck silica gel (230-400 mesh). Enantiomeric 
excess (ee) was determined using a Varian Prostar HPLC with a 210 binary pump and a 
335 diode-array detector. Column conditions are reported in the experimental section 
below.  
Proton nuclear magnetic resonance (1H NMR) spectra and carbon nuclear 
magnetic resonance spectra (13C NMR) were recorded on a Bruker Avance DPX-250 
(250 MHz), or a Varian Unity Inova 400 (400 MHz) spectrometer. Chemical shifts for 
protons are reported in parts per million (ppm) downfield from tetramethylsilane (TMS) 
37 
and are referenced to residual protium in the NMR solvent (CHCl3: δ 7.26; DMSO: δ 
2.54).  Chemical shifts for carbon are reported in parts per million downfield from 
tetramethylsilane (TMS) and referenced to the carbon resonances of the solvent (CDCl3: 
δ77.0). Data are represented as follows: chemical shift, integration, multiplicity (br = 
broad, s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet), and coupling 
constants in Hertz (Hz). 
Compounds described in the literature were characterized by comparison of their 
1H NMR, 13C NMR, and melting point (mp) to the reported values. 
NOTE: Since most of my studies involve the use of one, or only a few alcohols, I will 
show the characterization for the example with the highest ee. Also, these compounds 
have all been reported in the literature, so I will provide proton NMR data for the 
analysis. 
 
3.1.2 General Procedure for the Chiral Phosphoric Acid-Catalyzed THFT of 
Alcohols 
 
 To a flame-dried test tube equipped with a magnetic stirrer, and screw cap with a 
septum, was added the alcohol (1) (0.1 mmol), chiral phosphoric acid (0.1-10 mol %), 
and solvent (see Tables 1.2, 1.3, and 1.4 for solvents used). The test tube was evacuated 
and back-filled with argon and repeated three times. 2,3-Dihydrofuran (2) was added to 
the reaction mixture and the reaction stirred vigorously at room temperature. Upon 
completion of the reaction, as determined by TLC (9:1 hexane/EtOAc), the reaction was 
purified directly by silica gel column chromatography (eluent: Hexanes/EtOAc = 9:1) to 
afford product 4. The ee of product 4 was determined by chiral HPLC analysis.  
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2-(benzyloxy)tetrahydrofuran (Table 1.2, entry 3) following the general procedure the 
product was obtained as a clear oil in quantitative yield, without ee. 1H NMR (250 MHz, 
CDCl3) δ 7.70 – 6.79 (m, 5H), 5.14 (dd, J = 3.8, 2.0 Hz, 1H), 4.64 (d, J = 11.9 Hz, 1H), 
4.39 (d, J = 11.9 Hz, 1H), 3.93 – 3.75 (m, 2H), 2.01 – 1.70 (m, 4H). 
 
 
2-phenoxytetrahydrofuran (Table 1.3, entry 13) following the general procedure, the 
product was obtained as a clear oil in 93% yield and 26% ee. Enantiomeric excess was 
determined by HPLC analysis (Chiralcel OD-H, 0.75 mL/min, hexane/iPrOH = 99.6:0.4): 
tR (major) = 9.40 min, tR (minor) = 15.53 min. 1H NMR (250 MHz, CDCl3)  
δ 7.31 – 7.10 (m, 2H), 7.00 – 6.83 (m, 3H), 5.74 (dd, J = 4.3, 1.3 Hz, 1H), 4.03 – 3.83 (m, 
2 H), 2.20 – 1.95 (m, 3H), 1.88 (dt, J = 4.5, 1.6 Hz, 1H). Spectral data are identical to 
those in the literature. 
 
  
2-(naphthalen-1-yloxy)tetrahydrofuran (Table 1.2, entry 7) Following the general 
procedure, the product was obtained as a clear oil in 91% yield. Achiral phenyl 
phosphinic acid was used as the catalyst, and this entry product was not run on the HPLC. 
1H NMR (250 MHz, CDCl3) δ 8.26 – 8.01 (m, 1H), 7.71 (dt, J = 7.9, 2.6 Hz, 1H), 7.46 – 
O OBn
4a
O OPh
4b
O O
4d
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7.25 (m, 4H), 7.09 (dd, J = 7.5, 1.2 Hz, 1H), 5.95 – 5.87 (m, 1H), 4.06 – 3.89 (m, 2H), 
2.33 – 2.09 (m, 3H), 1.95 (dddd, J = 9.8, 6.4, 4.4, 3.0 Hz, 1H). 
 
 
2-(naphthalen-2-yloxy)tetrahydrofuran (Table 1.2, entry 9) Following the general 
procedure, the product was obtained as a clear oil in >99% yield. Achiral phenyl 
phosphinic acid was used as the catalyst, and this entry product was not run on the HPLC. 
1H NMR (250 MHz, CDCl3) δ 7.67 (dd, J = 8.4, 3.2 Hz, 3H), 7.42 – 7.19 (m, 3H), 7.10 
(dd, J = 8.9, 2.5 Hz, 1H), 5.86 (d, J = 4.1 Hz, 1H), 4.07 – 3.86 (m, 2H), 2.12 (tq, J = 7.9, 
5.5, 3.9 Hz, 3H), 2.00 – 1.83 (m, 1H). 
 
3.1.3 General Procedure for the Chiral Phosphoric Acid-Catalyzed THPT of 
Alcohols 
 
 To a flame-dried test tube equipped with a magnetic stirrer, and screw cap with a 
septum, was added the alcohol (1) (0.1 mmol), chiral phosphoric acid (0.1-10 mol %), 
and solvent (see Tables 1.5, 1.6, and 1.7 for solvents used). The test tube was evacuated 
and back-filled with argon and repeated three times. Dihydropyran (5) was added to the 
reaction mixture and the reaction stirred vigorously at room temperature. Upon 
completion of the reaction, as determined by TLC (9:1 hexane/EtOAc), the reaction was 
purified directly by silica gel column chromatography (eluent: Hexanes/EtOAc = 9:1) to 
afford product 6. The ee of product 6 was determined by chiral HPLC analysis. 
O O
4e
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2-(benzyloxy)tetrahydro-2H-pyran (Table 1.6, entry 9) Following the general 
procedure, with the modification of  4 Å MS being added and the temperature at -30 ºC, 
the product was obtained as a clear oil in 79% yield and 16% ee. Enantiomeric excess 
was determined by HPLC analysis (Chiralcel OJ-H, 0.8 mL/min, hexanes/iPrOH = 96:4):   
tR (major) = 15.20 min, tR (minor) = 13.88 min. 1H NMR (250 MHz, CDCl3) δ 7.31 (s, 
5H), 4.66 (t, J = 6.0 Hz, 1H), 4.52 (s, 2H), 3.81 (dt, J = 12.3, 4.8 Hz, 1H), 3.53 (dt, J = 
12.3, 4.8 Hz, 1H), 1.93 – 1.83 (m, 1H), 1.73 – 1.64 (m, 2H), 1.59 – 1.43 (m, 3H). 
 
2-phenoxytetrahydro-2H-pyran (Table 1.5, entry 3) following the general procedure 
the product was obtained as a colorless oil in 73% yield and 20% ee. Enantiomeric excess 
was determined by HPLC analysis (Chiralcel OD-H, 0.5 mL/min, hexanes/iPrOH = 
99.8:0.2):  tR (major) = 6.52 min, tR (minor) = 8.45 min. 1H NMR (250 MHz, CDCl3)  
δ 7.34 – 7.26 (m, 2H), 6.94 – 6.86 (m, 3H), 5.31 (t, J = 6.1 Hz, 1H), 3.76 (dt, J = 12.4, 
4.9 Hz, 1H), 3.61 (dt, J = 12.4, 4.9 Hz, 1H), 2.04 (dq, J = 12.1, 6.0 Hz, 1H), 1.82 (dq, J = 
12.2, 6.0 Hz, 1H), 1.75 – 1.43 (m, 4H) 
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5-(((tetrahydro-2H-pyran-2-yl)oxy)methyl)benzo[d][1,3]dioxole (Table 1.8, entry 6) 
following the general procedure the product was obtained as a colorless oil in 99% yield 
and 9% ee. Enantiomeric excess was determined by HPLC analysis (Chiralcel OJ-H, 0.8 
mL/min, hexanes/iPrOH = 96:4):  tR (major) = 6.52 min, tR (minor) = 8.45 min. 1H NMR 
(250 MHz, CDCl3) δ 6.87 (dqt, J = 2.9, 2.0, 0.9 Hz, 2H), 6.81 (d, J = 7.9 Hz, 1H), 5.95 (s, 
2H), 4.63 – 4.55 (m, 3H), 3.81 (dt, J = 12.3, 4.8 Hz, 1H), 3.53 (dt, J = 12.4, 4.8 Hz, 1H), 
1.85 (dq, J = 11.9, 5.8 Hz, 1H), 1.73 – 1.42 (m, 5H). 
 
3.1.4 General Procedure for Chiral Phosphoric Acid-Catalyzed Intermolecular 
Transacetalization of 1-Methoxyisochroman 
 
 
 1) Procedure for the preparation of 1-methoxyisochroman (13) 
 Following the procedure of Jacobsen17, A 200 mL round bottom flask was flame 
dried and purged with argon 3 times. To this flask was added DDQ (1.2 equiv), and 
DCM. Next, anhydrous MeOH was added, followed by isochroman (1.0 equiv). The 
reaction is stirred under an argon atmosphere for approximately 24 h. Confirmation 
completion by TLC (9:1 hexanes/diethyl ether) leads to the extraction. Approximately 
120 mL aq. sat. NaHCO3 was added to the stirring mixture. It was allowed to stir for 10-
15 min. The mixture is filtered through a pad of celite and rinsed with 100 mL of DCM 
 The layers are separated, and the aq. layer is washed with DCM (2 x 60 mL). The 
organic layers are combined and washed once with sat. aq. NaHCO3, followed by brine 
(60 mL of each), and dried over anhydrous MgSO4 to give a yellow oil. Purification is 
completed by silica gel column chromatography (9:1 hexane/diethyl ether) to give the 
pure product, 1-methoxyisochroman (13) in 81% yield. 
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2) General procedure for the chiral phosphoric acid transacetalization of 13  
 To a flame-dried test tube equipped with a magnetic stirrer, 5 Å MS, and screw 
cap with a septum, was added the chiral phosphoric acid (5 mol %, 0.005 mmol). The test 
tube was evacuated and back-filled with argon and repeated three times. 1-
methoxyisochroman (13) (0.1 mmol) was added to the reaction mixture, followed by the 
alcohol nucleophile (0.15 mmol) and 1 mL of toluene. The reaction stirred vigorously at 
room temperature. Upon completion of the reaction, as determined by TLC (9:1 
hexane/EtOAc, PMA stain), the reaction was purified directly by silica gel column 
chromatography (eluent: Hexanes/EtOAc = 10:1) to afford products 24 of 26 (depending 
on the starting alcohol). The ee of either product was determined by chiral HPLC 
analysis. 
 
1-phenoxyisochroman (Table 1.12, entry 1) Following the general procedure, product 
24 was obtained as a colorless to clear oil in 67% yield, but as a racemic mixture. 
Enantiomeric excess was determined by HPLC analysis (Chiralcel OD-H, 0.75 mL/min, 
hexanes/iPrOH = 99:1): tR (1) = 10.58 min, tR (2) = 15.88 min. 1H NMR (250 MHz, 
CDCl3) δ 7.46 – 7.39 (m, 1H), 7.34 – 7.26 (m, 1H), 7.26 – 7.10 (m, 3H), 7.01 – 6.86 (m, 
3H), 6.39 (d, J = 1.1 Hz, 1H), 4.19 (dt, J = 12.5, 5.1 Hz, 1H), 4.10 (dt, J = 12.5, 5.0 Hz, 
1H), 2.91 (tdd, J = 5.0, 3.5, 1.0 Hz, 2H). 
 
O
OPh
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1-(benzhydryloxy)isochromane (Table 1.13, entry 2) Following the general procedure, 
product 26 was obtained as a colorless to clear oil in 80% yield and 17% ee. 
Enantiomeric excess was determined by HPLC analysis (Chiralcel OD-H, 0.75 mL/min, 
hexanes/iPrOH = 99:1): tR (Major) = 12.80 min, tR (Minor) = 10.39 min. 1H NMR (250 
MHz, CDCl3) δ 7.46 – 7.02 (m, 14H), 5.92 (s, 1H), 5.51 (s, 1H), 4.14 (td, J = 11.8, 3.3 
Hz, 1H), 3.91 – 3.73 (m, 1H), 2.92 (dd, J = 11.9, 5.7 Hz, 1H), 2.53 (dd, J = 16.5, 2.8 Hz, 
1H). 
 
3.2 Supporting Information for Chapter 2 
 
3.2.1 General Considerations 
 All reactions were carried out in flame-dried screw-cap test tubes with magnetic 
stirring. Toluene, diethyl ether, dichloromethane, and THF were purified by passing 
through a column of activated alumina under a dry argon atmosphere. VAPOL-PA16 was 
synthesized in accordance with the literature procedure. Substituted BINOL phosphoric 
acids were prepared according to known literature procedures. Thin layer 
chromatography was performed on Merck TLC plates (silica gel 60 F254). Flash column 
chromatography was performed with Merck silica gel (230-400 mesh). Enantiomeric 
excess (ee) was determined using a Varian Prostar HPLC with a 210 binary pump and a 
O
O
26
Ph
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335 diode-array detector. Column conditions are reported in the experimental section 
below.  
Proton nuclear magnetic resonance (1H NMR) spectra and carbon nuclear 
magnetic resonance spectra (13C NMR) were recorded on a Bruker Avance DPX-250 
(250 MHz), or a Varian Unity Inova 400 (400 MHz) spectrometer. Chemical shifts for 
protons are reported in parts per million (ppm) downfield from tetramethylsilane (TMS) 
and are referenced to residual protium in the NMR solvent (CHCl3: δ 7.26; DMSO: δ 
2.54).  Chemical shifts for carbon are reported in parts per million downfield from 
tetramethylsilane (TMS) and referenced to the carbon resonances of the solvent (CDCl3: 
δ77.0). Data are represented as follows: chemical shift, integration, multiplicity (br = 
broad, s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet), and coupling 
constants in Hertz (Hz). 
Compounds described in the literature were characterized by comparison of their 
1H NMR, 13C NMR, and melting point (mp) to the reported values. 
3.2.2 Experimental Procedures 
Procedure for the multi-step synthesis of isotryptamine (37) 
1) Synthesis of indole-2-carbaldehyde18 
 
 A flame-dried 1 L round bottom flask, under an atmosphere of argon, is charged 
with ethyl indole-2-carboxylate (34) (1.0 equiv). 300 mL of anhydrous THF (solvent still) 
is added to the flask and stirred until homogenous. The reaction is cooled to -78 ºC and 
DIBAL-H (1.5 M/toluene, 2.4 equiv) is added drop wise via addition funnel. After the 
N
H
CO2Et N
H
CHO
1) DIBAL-H, THF, -78 °C
2) MnO2, CH2Cl2
34 35
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addition is finished, the reaction is warmed to room temperature and monitored by TLC 
(2:1 Hexanes/EtOAc). 
 Once the starting material is consumed the reaction is cooled to 0 ºC via an ice-
water bath, and a sat. aq. solution of Rochelle’s salt is added over a period of 1 h (550 
mL). After the addition, the reaction is warmed to room temperature and stirred an 
additional 6 h. The organic layer is separated, and 450 mL EtOAc is added to the aq. 
layer, then separated. The aq. layer is then extracted with EtOAc (2 x 450 mL), the 
organic layers are combined, dried over anhydrous sodium sulfate and evaporated. The 
crude residue is placed on high vacuum to further dry. 
 The crude residue is dissolved in anhydrous acetonitrile (300 mL) and then 
activated MnO2 (24 g) is added under argon. The reaction is stirred at room temperature 
until complete by TLC. Once completed, the reaction contents are filtered through a pad 
of celite, and the celite is washed with EtOAc. After removal of the solvent, the residue is 
purified by silica gel column chromatography (4:1 Hexanes/EtOAc to 2:1 
Hexanes/EtOAc) to afford aldehyde 35 in 83% yield. 
2) Synthesis of nitrovinyl indole 3619 
 
 Ammonium acetate (39 mol %) is added to a solution of indole-2-carbaldehyde 
(35) (1.0 equiv) dissolved in nitromethane (26 equiv). The reaction mixture is then heated 
in an oil bath at 100 ºC, below the boiling point of nitromethane, until the aldehyde is 
consumed by TLC (4:1 Hexanes/EtOAc). 
N
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NH4OAc, reflux
35 36
46 
 The reaction mixture is cooled to room temperature and treated with water (20 
mL). The organic layer is separated, and the aq. layer washed with EtOAc (3 x 20 mL). 
The combined organic layers are washed with brine (2 x 20 mL), dried over anhydrous 
magnesium sulfate, filtered, and concentrated in vacuo. 
 The crude product is purified by silica gel column chromatography (4:1 
Hexanes/EtOAc). The highly concentrated, orange/red fractions contain the product. 
Upon confirmation by TLC, the orange/red solid is placed under high vacuum to remove 
residual solvents and give product 36 in 56% yield.  
3) Reduction of nitrovinyl indole 36 to isotryptamine (37)20 
 
 
 At 0 ºC, under an argon atmosphere, a THF solution (10 mL THF/ 1 mmol 
nitroolefin) is added to a 2.0 M solution of lithium aluminum hydride, at a drop wise rate. 
The reaction mixture is warmed to room temperature and stirred overnight.  
 Once completed, the Fieser protocol is used to workup the reaction. For every x g 
of lithium aluminum hydride, x mL of water is added (at 0 ºC). This is followed by the 
slow addition of x mL of 15% NaOH solution, and finally 3x mL water. After the 
addition is complete the reaction is warmed to room temperature and once at room 
temperature it is stirred an addition 1 h. 
 The crude product is filtered from the mixture and purified by silica gel column 
chromatography (DCM to 5% MeOH/DCM to 90:10:5 DCM/MeOH/NH4OH). The 
N
H
NH2N
H
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THF, reflux
36 37
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fractions are collected, and evaporated to give isotryptamine 37 as a white/off-white, 
fluffy solid in 77% yield.  
Characterization of the synthetic intermediates and product 37 
 
 
1H-indole-2-carbaldehyde (37): 83% yield. 1H NMR (250 MHz, CDCl3) δ 9,75 (s, 1H), 
9.44 (br s, 1H), 7.75 (d, J = 8.1, 1H), 7.50 -6.98 (m, 4H). 13C NMR (63 MHz, CDCl3) δ 
182.18, 138.10, 135.96, 127.36, 127.33, 123.44, 121.27, 114.96, 112.52 
 
(E)-2-(2-nitrovinyl)-1H-indole (36): 56% yield. 1H NMR (250 MHz, CDCl3) δ 8.35 (s, 
1H), 8.06 (d, J = 13.6 Hz, 1H), 7.66 (dq, J = 8.0, 1.0 Hz, 1H), 7.52 (d, J = 13.6 Hz, 1H), 
7.45 – 7.30 (m, 2H), 7.17 (ddd, J = 8.1, 6.6, 1.5 Hz, 1H), 7.11 – 7.04 (m, 1H). 
 
Isotryptamine (37): 83% yield. 1H NMR (250 MHz, CDCl3) δ 8.92 (s, 1H), 7.57 – 7.40 
(m, 1H), 7.29 – 7.15 (m, 1H), 7.01 (pd, J = 7.1, 1.4 Hz, 2H), 6.17 (dd, J = 1.9, 1.0 Hz, 
1H), 2.98 (dd, J = 6.8, 5.6 Hz, 2H), 2.91 – 2.68 (m, 2H). 13C NMR (63 MHz, CDCl3) δ 
138.44, 135.94, 128.58, 121.00, 119.75, 119.51, 110.57, 99.96, 99.80, 41.66, 31.33. 
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General procedure for the chiral phosphoric acid-catalyzed iso-Pictet-Spengler 
Reaction 
 
1) Preparation of aldehyde 38 stock solution 
210 mg (1.5 mmol) of 4-chlorobenzaldehyde (38) is dissolved in 1.0 mL toluene to 
effectively give a 1.5 M solution. 
2) Reaction conditions 
To a flame-dried test tube equipped with a magnetic stirrer, and screw cap with a 
septum, was added the chiral phosphoric acid (x mol %), and isotryptamine. The test 
tube was then evacuated and back-filled with argon and repeated three times. The 
aldehyde solution is added via syringe (1.5 equiv). The reaction is monitored by TLC 
(9:1 DCM/MeOH). 
The reaction is quenched by the addition of sat aq. NaHCO3. The organic layer is 
collected, and the aq. layer extracted 3 times with EtOAc. The combined organic 
layers are dried by passage through a pipette column of anhydrous sodium sulfate. 
The solution is concentrated in vacuo. 
The crude product is purified by silica gel column chromatography (DCM to 95:5 
DCM/MeOH). Depending on the entry (see Tables 2.1 and 2.2) the product was 
BOC-protected in a one-pot process, or isolated and purified prior to BOC-protection. 
For entry 1, the compound was isolated and purified prior to BOC protection this 
affords the product 39 in 81% yield.  
Since the only product made and analyzed in my studies of this reaction was 
between isotryptamine and 4-chlorobenzaldehyde, I will provide the 
characterization data for the most enantioselective entry. 
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tert-butyl 1-(4-chlorophenyl)-1,3,4,5-tetrahydro-2H-pyrido[4,3-b]indole-2-
carboxylate (39): Following the general procedure, the product was obtained as a white 
solid in 57% yield (over 2 steps) and 26% ee. Enantiomeric excess was determined by 
HPLC analysis: (Chiralcel AD-H, 0.5 mL/min, hexanes/iPrOH = 90:10): tR (Major) = 
13.39 min, tR (Minor) = 11.37 min. 1H NMR (400 MHz, CDCl3) δ 8.03 (s, 1H), 7.26 (s, 
4H), 7.12 – 7.03 (m, 1H), 6.89 (t, J = 7.5 Hz, 1H), 6.77 (d, J = 7.8 Hz, 1H), 5.20 (s, 1H), 
3.33 – 3.23 (m, 1H), 3.20 – 3.10 (m, 1H), 2.97 – 2.87 (m, 1H), 2.80 – 2.71 (m, 1H), 2.26 
(s, 2H).13C NMR (63 MHz, CDCl3) δ 141.97, 135.59, 133.85, 133.14, 129.92, 128.57, 
125.94, 121.30, 119.45, 118.84, 110.94, 110.57, 77.57, 77.06, 76.55, 56.78, 41.64, 24.50. 
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CHAPTER 4: 
1H AND 13C SPECTRA FOR COMPOUNDS 
 
4.1 1H and 13C Spectra for Compounds in Chapter 1  
Spectrum 4.1.1. 1H Spectrum for Compound 4a  
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Spectrum 4.1.2. 1H Spectrum for Compound 4b  
 
 
Spectrum 4.1.3. 1H Spectrum for Compound 4d 
  
 
 
O OPh
O O
52 
Spectrum 4.1.4. 1H Spectrum for Compound 4e 
 
 
Spectrum 4.1.5. 1H Spectrum for Compound 24 
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Spectrum 4.1.6 1H Spectrum for Compound 26 
 
 
4.2 1H and 13C Spectra for Compounds in Chapter 2  
Spectrum 4.2.1 1H and 13C Spectra for Compound 35 
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Spectrum 4.2.2 1H Spectrum for Compound 36 
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Spectrum 4.2.3 1H and 13C Spectra for Compound 37 
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Spectrum 4.2.4 1H and 13C Spectra for Compound 39 
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